2-Amino-3-methylimidazo[4,5-fiquinoline (IQ) is one of 19 heterocyclic aromatic amines (HAAs) formed during the cooking of fish, fowl, pork, and beef and isolated as mutagens using the Ames Salmonella typhimurium assay (1,2). Although the HAAs thus far identified are present in the Western diet in only small amounts (nanograms per gram), they are among the most potent mutagens identified and may be of importance in the etiology of some human cancers (3). Ten of these food mutagens including IQ have been shown to be carcinogenic when administered to mice and rats (4-8). IQ was found to induce tumors of the liver, lung, and forestomach in mice and of the small and large intestine, mammary gland, liver, oral cavity, and Zymbal gland in rats (4, 5, 8) . Based on chemical structure, mutagenic activity in vitro, concentration in cooked foods, carcinogenic activity in rodents, and availability, we selected three compounds for study in nonhuman primates: IQ, 2-amino-3,8-dimethylimidazo [4,5-flquinoxaline (8-MeIQx), and 2-amino-1-methyl-6-phenylimidazo [4,5, b]pyridine (PhIP) (9). Our initial report described tumors induced in three macaques by IQ as part of an ongoing study (JO). This paper reports on hepatocellular carcinoma induced in a high percentage of macaques by IQ after oral administration.
dimethylimidazo [4,5-flquinoxaline (8- MeIQx), and 2-amino-1-methyl-6-phenylimidazo [4,5, b] pyridine (PhIP) (9) . Our initial report described tumors induced in three macaques by IQ as part of an ongoing study (JO) . This paper reports on hepatocellular carcinoma induced in a high percentage of macaques by IQ after oral administration.
Materials and Methods
Macaques assigned to this study were born in a closed colony, reared by their mothers, and were assigned to this study as they became approximately 1 year of age. The monkeys were primarily cynomolgus (Macacafascularis), but two rhesus (M mulatto) were also used at the high dose. The animals were housed in individual stainlesssteel cages that were wall mounted and equipped with an automatic watering device. Purina We observed all IQ treated and control animals daily and measured body weight weekly. Blood was drawn every 3 months for routine hematology and clinical chemistry values as well as a-fetoprotein (AFP) measurements, which were determined by radioimmunoassay using monkey AFP as antigen. Liver palpation and laparoscopy were performed at 3-to 6-month intervals. The tumor bearing animals were euthanized with an overdose of sodium pentobarbital and carefully necropsied. Tissues from all the organs were subjected to histopathological examination. Table 1 summarizes the number of macaques with tumors induced by IQ as of 1 July 1993. Eleven monkeys (55%) had liver tumors induced at the 10 mg/kg dose level and 19 (95%) at the 20 mg/kg dose level. Both male and female monkeys were susceptible to the compound. Table 2 summarizes the average total dose from time of initiation of treatment until time of tumor development (as indicated by histopathology following biopsy or at necropsy). The animals at 20 mg/kg received a higher average total dose (45.1 g) than the 10 mg/kg group (39.7 g) and also had a shorter latent period for tumor induction (i.e., 43 months versus 59 months; Table 2 ). The shortest latent period was 27 months at the 20 mg/kg dose level, and thus far the longest latent period was 83 months at the 10 mg/kg dose ( 
Results

A_
The extent of malignant tumor involvement of the liver varied, ranging from a solitary, well-circumscribed nodule (Fig.  1) to a massive destruction of all lobes of the liver by numerous tumor nodules (Fig.  2) . Most of the tumor nodules were well defined and soft with areas of necrosis and hemorrhage. In one of the cases, there was gross evidence of tumor invasion of the superior vena cava. Lung metastases were detected in two of the animals (both males) at the 10 mg/kg dose and four (two males and two females) at the 20 mg/kg dose. In the first animal that was diagnosed with metastatic hepatocellular carcinoma after a latent period of 27 months, there was evidence of local invasion into the muscular layer of the stomach, in addition to metastases to lungs and hilar lymph nodes.
Microscopically, all the malignant liver tumors were of hepato-biliary origin. The majority of the tumor nodules were hepatocellular carcinomas, with trabecular pattern being the most common (Fig. 3) . However, among the five cases with massive tumor involvement, as depicted in Figure 2 , the histological growth pattern of hepatocellular carcinoma (Fig.4) and the lung metastasis (Fig.5) were detected in rare instances. There was microscopic evidence of intrahepatic vascular invasion in approximately 50% of the cases, and in the livers with massive tumor involvement extensive intravascular tumor thrombi were seen. In contrast to rodent hepatocarcinogenesis models, hyperplastic nodules were not identified before gross tumor development. In the IQ-treated monkeys, pinpoint 1-2 mm light-tan lesions were seen during laparoscopic examination and at necropsy. Microscopically, these lesions were composed of glycogen-filled hepatocytes with small eccentric nuclei. It remains to be determined if these clear-cell foci have any relationship with the carcinogenic process.
Discussion
During the past decade, several highly mutagenic HAAs have been identified in cooked beef, pork, fish, and fowl (1, 2 (11) .
Although the doses used in these experiments are much higher than those reported in several studies (2) of fried ground beef (0.02-0.6 ng/g) or broiled sardines (4.9-20 ng/g), IQ is only 1 of 19 HAAs identified in cooked meat. In addition, the tumors induced by IQ in nonhuman primates occurred in a high percentage of the treated animals in only about one-seventh of their life span. Furthermore, two of the other HAAs occurring in greater amounts in cooked meats, MeIQx and PhIP, are carcinogenic in rodents and are currently also under evaluation for carcinogenic activity in nonhuman primates (6, 7, 9, 12) . Thus, we conclude that the food mutagen IQ is a potent hepatocarcinogen when administered to nonhuman primates and is a potential carcinogen for humans.
